Surface microtopography is one of the key factors that control overland flow generation, surface runoff, and infiltration processes. Surface slope tends to change the characteristics of individual puddles and their hydrologic properties. To evaluate the slope effects on surface depressions, four rough surfaces characterized by various scale depressions and peaks and a series of rotated sloping surfaces were created. An instantaneous-profile laser scanner was used to obtain high-resolution DEM data. A puddle delineation program was used to calculate the maximum depression storage (MDS) and maximum ponding area (MPA). Furthermore, a coordinate conversion program was developed and used to transform the coordinate system, generate varying sloping surfaces, and create new DEMs. The DEMs of the new sloping surfaces generated by the coordinate conversion program were compared with the actual ones, and good agreement was achieved. Critical slopes corresponding to significant changes in hydrologic/hydraulic properties were identified. Although MDS and MPA normally decreased with an increase in slope, an increasing pattern was also observed. For the relationship between contributing area (CA) and surface slope, a stepwise increasing pattern was observed.
Introduction
As one of the most important factors, surface depressions affect infiltration, overland flow generation, and other hydrologic processes (Moore and Larson 1979; Ullah and Dickinson 1979; Ahuja et al. 1982; Onstad 1984; Evett and Dutt 1985; Sneddon and Chapman 1989; Barros et al. 1999; Planchon and Darboux 2001; Darboux et al. 2002) . Maximum depression storage (MDS) is one of the most widely used parameters for watershed modeling and management. MDS can be estimated by using empirical equations (e.g., Onstad 1984; Mwendera and Feyen 1992; Hansen et al. 1999; Kamphorst et al. 2000) . In addition, some algorithms have been developed to calculate MDS from digital elevation models (DEMs) (Ullah and Dickinson 1979; Planchon and Darboux 2001; Chu and Zhang 2009) . Studies have demonstrated that slope is one of the major factors controlling MDS and maximum ponding area (MPA) (Onstad 1984; Mwendera and Feyen 1992; Kamphorst et al. 2000) . It has been found that MDS decreased with increasing slope (Ullah and Dickinson 1979; Huang and Bradford 1990; Darboux and Huang 2003) . Ullah and Dickinson (1979) derived exponential regression equations to express the relationships of MDS and MPA with slope.
Contributing area (CA) represents the total area that can potentially contribute surface runoff to a given point of interest. Using DEM grid data, CA can be determined by tracking flow directions and accumulations. Various methods have been developed to determine flow direction, such as: D8 (O'Callaghan and Mark 1984) , ρ8 (Fairfield and Leymarie 1991) , MFD (Freeman 1991) , DEMON (Costa-Cabral and Burges 1994) , and D∞ (Tarboton 1997) . To the best of our knowledge, few studies have been done to evaluate the slope effect on CA for rough surfaces.
This study aims at examining the slope effects on MDS, MPA, and CA for rough surfaces. A coordinate conversion program is developed to create sloping surfaces by rotating a surface at an arbitrary angle along x, y, and/or z axes. Testing of the coordinate conversion program is also performed. Four surfaces with different microtopographic characteristics are selected for evaluating the slope effects on MDS, MPA, and CA.
Materials and Methods
A surface can be rotated to create sloping surfaces with varying slopes. To calculate the coordinates of the new sloping surfaces and obtain new DEMs, a coordinate conversion program was developed. The computation of the new coordinates (x, y, and z) in the program was based on the Euler angles (Arfken and Weber 2005) . Based on an original surface, any sloping surfaces can be created by specifying three rotation angles along x, y, and z axes (β 1 , β 2 and β 3 ). As examples, Fig. 1 shows six surfaces that were created by rotating a small mold surface along x, y, and z axes with angles of 5.71º and 11.31º. Clearly, changes in the slope of a surface may alter its topographic and geometric properties, which in turn affect hydrologic processes, such as infiltration and overland flow. In order to verify the coordinate conversion program, a representative rough soil surface was created using a 1 m × 1.2 m soil box and a coordinate system was selected (Fig. 2) . The original slope of the surface was 3.98%. By raising one end of the soil box (left side in Fig. 2 ), the surface was rotated along Axis x, which yielded 30 sloping surfaces. Their slopes ranged from 5.06% to 37.05% with an increment of around 1.10%. All sloping surfaces were scanned by using the laser scanner (Darboux and Huang 2003; Chu and Zhang 2009 ) and the corresponding DEMs were then obtained.
Based on the original soil surface, the coordinate conversion program was also utilized to create 30 sloping surfaces that had slopes identical to the ones of the rotated surfaces. The performance of the coordinate conversion program was evaluated by comparing the scanned and computed DEMs for all the 30 sloping surfaces. Two methods: normalized objective function (NOF) (Ibbitt and O'Donnell 1971) and modeling efficiency (EF) (Nash and Sutcliffe 1970) , were used to quantify the goodness of fit between the scanned and computed elevation data. NOF and EF can be respectively expressed as:
where z is the elevation; z is the mean elevation; n is the number of the data points; and subscripts s and c denote scanned and computed data, respectively. Note that if all scanned elevations are the same as the computed ones, the NOF and EF values equal 0 and 1, respectively. Fig. 3 shows the comparison of the scanned and computed elevation contours for three selected sloping surfaces with slopes of 9.38%, 20.28%, and 31.40%, which represent low, medium, and high slopes. Their NOF and EF values are listed in Table 1 . The average NOF and EF for the three selected surfaces are 0.027 and 0.997, respectively (Table 1) . Thus, good agreement between the scanned and computed DEMs has been achieved. Note that the scanned and computed contours along the boundaries (blue areas in Figs. 3b and 3c) are not perfectly matched due to the lack of scanned data points (those areas were out of the camera view of the laser scanner for high slopes). To evaluate the slope effects on MDS, MPA, and CA, four surfaces (S1 -S4, Fig. 4 ) are selected. S1 is a small mold surface, which consists of 11 major puddles (Fig. 4a) ; S2 is a lab scale surface with randomly distributed soil aggregates (Fig. 4b) ; S3 is an artificially created surface (Fig. 4c) ; and S4 is a laboratory scale mini-watershed with different sized "watersheds" on the surface (Fig. 4d) . S1, S2, and S3 (Figs. 4a, 4b , and 4c) are used to analyze the relationships of MDS and MPA with slopes. The slope effect on CA is analyzed by using S4 (Fig. 4d) . Based on the original surfaces S1 -S4, the coordinate conversion program was applied to create various sloping surfaces. For S1 and S2, rotation was performed along x and y axes and a series of surfaces with slopes from 0% to 80% were created. Surfaces S3 and S4 were rotated along the Axis x only and the slopes of their rotated surfaces ranged from 0% to 40%. Then, the puddle delineation program (Chu and Zhang 2009 ) was used to delineate the surfaces and calculate their MDS and MPA. The CA of S4 and its derived sloping surfaces was determined by using WMS (2008).
Results and Discussion
Fig . 5 shows the changes of MDS and MPA of S1 (Fig. 4a ) with slope for Case 1 (rotation along Axis x) and Case 2 (rotation along Axis y). For Case 1, MDS and MPA follow a similar changing trend (Fig. 5) . When the slopes are less than 5%, both MDS and MPA increase and they reach their maximum values (MDS max = 200.95cm 3 and MPA max = 437.19cm
2 ). As the slopes increase from 5% to 10%, MDS and MPA decrease slowly. Beyond a slope of 10%, both decrease rapidly. For the surfaces resulting from rotation along Axis y (Case 2), MDS and MPA decrease continuously, starting from the maximum values at the zero slope (MDS max = 155.15 cm 3 and MPA max = 390.10 cm 2 ). For slopes beyond 60%, MDS and MPA in both Cases 1 and 2 approach 0 (Fig. 5) . In summary, although MDS and MPA may increase with slope for a small range of slopes, MDS and MPA primarily decrease with an increase in slope. Also, the changing pattern can be different for the sloping surfaces resulting from rotation along x and y axes.
In addition to S1 (Fig. 4a) , S2 (Fig. 4b) and S3 (Fig. 4c) were also used for evaluating the slope effects on MDS and MPA. The computed MDS and MPA values for S2, S3, and their derived sloping surfaces are shown in Figs. 6 and 7. Clearly, the MDS and MPA of S2 have a similar deceasing trend for both Case 1 (rotation along Axis x) and Case 2 (rotation along Axis y) (Fig. 6) . The MDS and MPA in Case 1 are slightly larger than those in Case 2. When the surface slope reaches 80%, MDS and MPA approach 0 (Fig. 6) . A similar decreasing trend of MDS and MPA can be observed for S3 in Fig. 7 . For slopes higher than 35%, MDS and MPA of S3 approach 0. These results again demonstrate that with increasing slope, MDS and MPA follow a decreasing changing pattern. The above analyses also indicate that a critical slope (e.g., 60% for S1, 80% for S2, and 35% for S3) exists for a sloping surface, beyond which MDS and MPA approach zero.
Slope is one of the critical factors influencing CA. The laboratory scale mini-watershed (S4, Fig. 4d ) is used to evaluate the slope effect on CA. The CA of an individual puddle refers to the area that potentially makes contribution of runoff water to the puddle. There (P1 -P9, Fig. 8 ). The following discussion focuses on the CA of Puddle 1 (P1). The eight others (P2 -P9) are chosen to analyze the slope-induced changes in the CA of P1. For convenience, the number of grids covered by CA is used to describe the size of CA, which is calculated by dividing CA by the area of a single grid. Fig. 9 shows the calculated number of grids included in the CA of P1, which varies with slope. A stepwise increasing pattern can be observed for the relationship between slope and the number of grids in the CA of P1. Fig. 9 shows four major "steps": (1) Step 1 (slopes below 2%); (2) Step 2 (slopes from 2% to 4%); (3) Step 3 (slopes from 4% to 17%); and (4) Step 4 (slopes above 17%). Within each "step", the number of grids remains stable. Significant changes in the CA occur at certain critical slopes (e.g., 2% for
Step 1, 4% for Step 2, and 17% for Step 3) (Fig. 9 ).
To better understand how the change in slopes affects the CA, four sloping surfaces with slopes of 1%, 3%, 6%, and 19% (one for each step, Figs. 10a -10d) are selected:
(1) 1% slope surface (Fig. 10a) : The MPA (green area) and the CA boundary of P1 are shown in Fig. 10a . The CA of P1 includes 14,560 grids. There is no water contribution from other puddles (P2 -p9) for the 1% sloping surface. (2) 3% slope surface (Fig. 10b) : When slope increases from 1% to 3%, the number of grids in the CA of P1 increases from 14,560 to 21,013 (Fig. 9) . The contributing area expands and P5 and P6 are now included (Fig. 10b) . (3) 6% slope surface ( Fig. 10c) : Further expansion can be observed when the slope reaches 6%. In addition to P5 and P6, P7 is also included (Fig. 10c) . (4) 19% slope surface ( Fig. 10d) : At this high slop, the number of grids reaches 25,622.
Five puddles (P5 -P9) contribute water to P1. The increase in the CA of P1 at Step 4 can be attributed to the contributions from P8 and P9 (Fig. 10d) . These results demonstrate the stepwise increasing pattern in CA for an individual puddle and the existence of critical slopes for this mini-watershed, at which hydrologic properties may change significantly.
Conclusions
In this study, a coordinate conversion program was developed to create various sloping surfaces by rotating a surface at any given angle along x, y, and z axes. From the analysis of the four selected surfaces, it can be concluded that MDS and MPA decreased with slope. However, they also increased with increasing slope within some ranges of slopes, depending on the surface characteristics. For a specific surface, a critical slope can be identified, at which MDS and MPA approach zero. A stepwise increasing pattern in contributing area was observed. Significant changes in CA and other hydrologic properties occurred at certain critical slopes (steps). 
